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We  have  studied  the  formation  of  self-assembled  monolayers  (SAMs)  of  n-alkanethiols  on  platinum  thin  films  using 
X-ray  photoelectron  spectroscopy  (XPS),  reflection— absorption  infrared  spectroscopy  (RAIRS),  spectroscopic 
ellipsometry  (SE),  and  contact  angle  (CA)  measurements.  Specifically,  SAMs  of  1-hexanethiol,  1-dodecanethiol,  and 
1-octadecanethiol  were  grown  on  polycrystalline  Pt  films,  and  the  effects  of  Pt  surface  preparation,  deposition  conditions, 
and  solvent  treatments  on  the  initial  quality  and  stability  of  the  monolayer  in  air  were  investigated.  The  SAMs  prepared 
under  ambient  conditions  on  piranha-cleaned  and  UV/ozone-cleaned  substrates  were  compared  to  monolayers  formed 
on  template-stripped  Pt  in  an  inert  atmosphere.  We  found  that  alkanethiols  deposited  from  1  mM  ethanolic  solutions 
on  piranha-cleaned  Pt  formed  densely  packed  monolayers  in  which  alkyl  chains  were  oriented  close  to  the  surface 
normal.  Stored  in  the  laboratory  ambient,  these  monolayers  were  unchanged  over  about  1  week  but  were  largely 
oxidized  in  about  1  month.  No  evidence  was  found  of  molecules  being  weakly  bound  within  the  monolayer  or  having 
undergone  C— S  bond  scission;  however,  three  distinct  sulfur  states  were  observed  for  all  samples  in  the  XPS  of  the 
S  2p  region.  The  lowest-  and  highest-binding-energy  components  are  assigned  to  alkylthiolate  and  partially  oxidized 
alkylthiolate  species,  respectively.  The  remaining  S  2p  component  (approximately  one-third  of  the  sulfur  layer), 
intermediate  in  binding  energy  between  the  other  two  components,  is  attributed  to  a  chemisorbed  species  with  a  S 
binding  configuration  distinct  from  the  majority  alkylthiolate:  for  example,  S  bound  to  Pt  bound  to  O,  S  with  a  different 
Pt  coordination  number,  or  S  in  an  adsorbed  disulfide. 


1.  Introduction 

Recent  developments  in  molecular  electronic  devices  have 
stimulated  interest  in  the  formation  of  self-assembled  monolayers 
(SAMs)  of  organic  thiols  on  various  metal  surfaces.  Because 
SAMs  of  alkanethiols  on  gold  have  been  extensively  character¬ 
ized,  most  researchers  have  studied  the  electrical  activity  of 
molecules  on  gold  substrates.  However,  both  theoretical  and 
practical  considerations  suggest  that  other  metals  should  be 
considered  for  molecular  electronics  applications. 1  For  example, 
a  reduction  of  contact  resistance  by  nearly  2  orders  of  magnitude 
has  been  achieved  by  interfacing  SAMs  with  platinum  vs  gold 
electrodes.2  From  a  fabrication  point  of  view,  gold  is  incompatible 
with  silicon  processing  because  of  its  high  surface  and  bulk 
diffusivity,  reactivity,  and  ability  to  form  electronic  defects.3 

Several  groups  have  begun  to  investigate  the  structure  and 
stability  of  monolayers  on  metals  other  than  Au,  notably  on  Pd 
and  Pt,  which  are  considered  to  be  good  thiolate  contact  materials 
and  to  be  compatible  with  the  fabrication  of  silicon  microelec¬ 
tronics.  Two  approaches  have  emerged  for  forming  SAMs  on  Pt 
surfaces.  The  first  approach  attempts  to  avoid  surface  oxidation 
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by  minimizing  exposure  of  samples  to  oxygen:  deoxygenating 
solvents,  handling  samples  in  inert  atmosphere,  etc.4-6  In  the 
second  approach,  no  explicit  attempt  is  made  to  control  the 
oxidation,  and  the  deposition  is  carried  out  under  more  typical 
laboratory  conditions— Pt  cleaning  by  mechanical  polishing4 5 6 7  or 
in  a  piranha  solution,8  followed  by  alkanethiol  deposition  from 
an  ethanolic  solution.  In  this  report,  we  use  standard  techniques 
to  characterize  the  formation  and  longevity  of  alkanethiol  SAMs 
on  Pt  under  ambient  conditions,  in  part  to  provide  a  direct 
comparison  between  SAMs  on  Au  and  those  on  Pt.  Several 
samples  prepared  on  Pt  using  oxygen-free  deposition  conditions 
are  characterized  as  controls.  A  factor  that  influences  the  quality 
and  stability  of  a  thiol-based  SAM  is  the  bonding  at  the  sulfur- 
substrate  interface;9 10 11  therefore,  we  specifically  focus  on  the  nature 
of  the  three  distinct  sulfur  states  observed  in  SAMs  on  Pt  by 
X-ray  photoelectron  spectroscopy  (XPS).  Although  a  number  of 
systematic  structure  and  stability  studies  have  been  carried  out 
for  SAMs  on  Au,8-11  to  our  knowledge,  this  is  the  first  such 
study  for  SAMs  on  Pt. 

2.  Materials  and  Methods 

2.1.  Materials.  Commercially  available  1-hexanethiol,  1-dode- 
canethiol,  and  1-octadecanethiol  were  used  without  further  purifica- 
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tion.  Hereafter,  an  abbreviated  notation  for  these  alkanethiols,  C6SH, 
C12SH,  and  C18SH,  respectively,  is  used  in  the  text,  and  C6,  Cl 2, 
and  C 1 8  labels  are  used  to  indicate  the  number  of  alkyl  chain  carbons 
in  the  figures.  Ethanol  (95%,  hereafter  EtOH)  and  dichloromethane 
(HPLC  grade,  hereafter  CHoCl?)  were  used  as  received  (except  where 
noted  otherwise)  for  the  preparation  of  1  mM  solutions  of  alkanethiols 
and  for  rinsing  or  soaking  samples  after  monolayer  deposition. 

2.2.  Platinum  Film  Cleaning  and  SAM  Deposition.  Diced 
fragments  from  platinum-coated  silicon  wafers  were  used  as  substrates 
(200  nm  of  Pt  sputter-deposited  over  a  30  nm  Ti  adhesion  layer). 
The  Pt  films  exhibited  an  rms  roughness  of  1 .7  nm  over  an  area  of 
1  pm2  as  measured  by  atomic  force  microscopy  (AFM).  Prior  to 
SAM  deposition,  the  diced  substrates  (<2  cm2)  were  cleaned  by 
immersion  in  a  “piranha”  solution  consisting  of  70%  H2SO4  and 
30%  H2O2  (30%  H2O2  in  water).  (Caution:  This  solution  must  be 
handled  with  care;  it  is  extremely  oxidizing,  reacts  violently  with 
organics,  and  should  only  be  stored  in  loosely  tightened  containers 
to  avoid  pressure  buildup.)  Piranha-cleaned  Pt  will  hereafter  be 
denoted  p-Pt.  After  being  cleaned,  each  p-Pt  substrate  was  im¬ 
mediately  and  thoroughly  rinsed  with  high-resistivity  water 
(~18.2  MQ-cm)  that  had  been  treated  to  remove  organic  and 
biological  impurities.  To  deposit  monolayers,  the  cleaned  substrates 
were  submerged  in  1  mM  solutions  of  alkanethiols  in  EtOH  for 
20  h  at  room  temperature.  For  comparison  purposes,  SAMs  were 
prepared  from  identical  solutions  on  piranha-cleaned  Au  substrates 
(200  nm  of  Au  evaporated  over  a  20  nm  Cr  adhesion  layer  on  silicon), 
hereafter  p- Au .  After  deposition,  each  sample  was  rinsed  thoroughly 
with  EtOH  and  then  dried  in  a  stream  of  dry  nitrogen.  To  measure 
the  stability  of  the  deposited  monolayers,  the  samples  were  exposed 
to  ambient  laboratory  air  for  periods  ranging  from  1  h  to  55  days. 

To  examine  solvent  effects,  control  samples  were  soaked  in 
CH2CI2  overnight  after  the  above  standard  EtOH  deposition  or 
deposited  from  1  mM  solutions  of  alkanethiols  in  CH2CI2.  In  another 
series  of  controls,  substrates  were  cleaned  using  a  commercial  U V/ 
ozone  cleaner  (hereafter  UVO-Pt),  rather  than  in  piranha  solution. 
UVO  cleaning  was  performed  for  about  20  min  in  ozone  generated 
in  situ  from  atmospheric  oxygen  by  a  low-pressure  mercury  quartz 
lamp  (185  and  254  nm  UV  range,  ~25  mW/cm2  power). 

2.3.  Template-Stripped  Platinum  Films  and  Oxygen-Free 
SAM  Deposition.  Template-stripped  Pt  (TS-Pt)  films  were  prepared 
following  the  protocol  of  Blackstock  et  al.12  Briefly,  a  220  nm  Pt 
film  was  sputter-deposited  on  a  piranha-cleaned  ultraflat  Si(100) 
wafer.  The  Pt  film  was  then  removed  (stripped)  from  this  template 
by  using  an  adhesive-covered  Si  substrate.  The  TS-Pt  films  exhibited 
an  rms  roughness  of  0.7  nm  over  an  area  of  1  pm2  as  measured  by 
AFM.  The  stripping  was  performed  inside  an  inert-atmosphere 
glovebox  to  limit  oxidation  of  the  TS-Pt  substrate.  Monolayers  were 
then  deposited  in  the  glovebox,  from  1  mM  solutions  in  solvents  that 
were  distilled  under  nitrogen  and  calcium  hydride.  Hereafter,  these 
conditions  will  be  referred  to  as  “oxygen-free”  deposition. 

2.4.  XPS  Measurements.  XPS  measurements  were  performed 
using  a  commercial  system  equipped  with  a  monochromatic  Al  Ka 
source,  a  hemispherical  electron  energy  analyzer  (58°  angle  between 
monochromator  and  analyzer),  and  a  magnetic  electron  lens.  The 
nominal  XPS  spot  size  and  analyzer  field  of  view  were  <  1  mm2. 
The  binding  energies  (BEs)  are  reported  with  0. 1  eV  precision  based 
on  a  two-point  BE  scale  calibration  to  the  BEs  of  Au  4f7/2  (84.0  eV) 
and  Au  Af^a  (335.2  eV)  measured  in  each  run  for  Au  films  cleaned 
by  Ar  ion  sputtering.13,14  In  each  run,  we  also  measured  BEs  of 
71.1  eV  for  Pt  4f7/2  and  314.6  eV  for  Pt  4d5/2  from  freshly  sputter- 
cleaned  Pt  films,  in  agreement  with  the  accepted  values  of  7 1 . 1 2  and 
314.61  eV,  respectively.14  For  the  thin  organic  monolayers  in  this 
study,  charge  compensation  was  not  necessary  and  was  not  applied. 

We  present  data  acquired  in  normal-emission  angle-integrated 
scans  of  the  Pt  4f,  Pt  4d,  S  2p,  C  Is,  and  O  Is  regions  (15—20  eV 
windows  with  0.1  eV  spacing,  20  eV  pass  energy,  0.36  eV  analyzer 
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resolution).  Spectra  of  the  S  2p  regions  were  accumulated  for  30— 
45  min,  to  obtain  a  signal-to-noise  ratio  adequate  for  resolving  the 
multiple  components.  Typically,  spectra  were  acquired  from  three 
separate  spots  on  each  sample,  primarily  to  test  the  monolayer 
uniformity.  The  corresponding  calculated  coverage  values  varied 
by  no  more  than  10%  for  each  of  the  samples.  The  reference  Pt  and 
Au  spectra  used  to  calibrate  the  attenuation  of  the  XPS  signals  were 
measured  from  substrates  cleaned  in  situ  by  Ar  ion  sputtering  until 
C  Is  and  O  Is  signals  were  no  longer  detectable. 

2.5.  XPS  Peak  Fitting.  The  peaks  in  the  elemental  core-level 
spectra  were  fit  using  commercial  XPS  analysis  software.15  A 
convolution  of  Lorentzian  and  Gaussian  line  shapes  was  used  to  fit 
the  individual  peaks.16  A  linear  combination  of  Shirley  and  linear 
functions  was  used  to  model  the  background,  with  the  corresponding 
coefficients  fit  simultaneously  with  the  peaks.  The  only  exception 
was  for  fits  in  the  O  1  s  region,  where  additional  polynomial  terms 
were  added  to  model  the  nonlinear  background  caused  by  the 
proximity  of  the  Pt  4d3/2  peak.  Multiple-component  fitting  in  the 
C  Is  and  S  2p  regions,  always  started  from  the  lowest  BE  component 
and  its  full-width  at  half-maximum  (fwhm),  was  used  to  constrain 
the  fwhm’s  for  the  higher-BE  components.16  In  each  case,  the 
minimum  number  of  components  that  produced  unstructured  fit 
residuals  was  chosen. 

2.6.  RAIRS  Measurements.  Reflection— absorption  infrared 
spectroscopy  (RAIRS)  was  performed  using  a  commercial  Fourier 
transform  spectrometer  equipped  with  a  wire-grid  polarizer 
(p-polarized)  and  a  variable-angle  reflectance  accessory  (reflectance 
angle  15°).  RAIRS  spectra  were  collected  from  4000  to  900  cm-1 
using  a  cryogenic  mercury  cadmium  telluride  (MCT)  detector  ( 1 024 
scans  at  2  cm~*  resolution).  The  spectra  were  referenced  to  a  bare 
Pt  substrate,  cleaned  by  the  respective  procedure.  The  RAIRS 
measurements  were  performed  on  freshly  prepared  samples  prior  to 
XPS  characterization. 

2.7.  SE  Measurements.  Spectroscopic  ellipsometry  (SE)  was 
performed  using  a  commercial  multichannel  instrument  with  a 
rotating  compensator  and  190—1000  nm  wavelength  working  range. 
The  Pt  substrates  for  SE  measurements  were  ~1  cm2  chips  diced 
from  a  single  Pt-covered  wafer  and  cleaned  by  piranha  or  UVO 
treatment.  The  analysis  was  performed  with  vendor-supplied  software. 

2.8.  CA  Measurements.  Contact  angle  (CA)  measurements  were 
performed  at  room  temperature  and  ambient  relative  humidity  using 
high-resistivity  water  as  the  probing  liquid.  Sessile  contact  angles 
were  measured  with  ~5  pL  of  water  dropped  onto  the  surfaces  from 
a  syringe  needle  and  recorded  immediately  after  the  drop.  Measure¬ 
ments  from  three  different  spots  were  averaged  for  each  sample. 

3.  Experimental  Results 

3.1.  Effects  of  Solvents  and  Substrate  Cleaning  on  Mono- 
layer  Deposition.  We  used  XPS  as  the  primary  method  for 
quantitative  analysis  of  the  structure  and  stability  of  alkanethiol 
monolayers.  XPS  has  been  widely  used  to  characterize  SAMs, 

eg  on  Au  9-u, 17-26  Ag  8,9,11,23,25,27,28  Qj  8,9,25,29-31  jqj  32  pj  33 

and  Pt.5-8,34,35  The  XPS  spectrum  of  the  S  2p  region  is  particularly 
useful  for  characterizing  alkanethiol  SAMs,  because  the  position 
and  intensity  of  the  S  2p  peaks  can  be  used  to  identify  and 
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Figure  1.  XPS  of  the  S  2p  region  for  as-deposited  alkanethiol 
SAMs  on  Pt.  (a)  Deposition  from  1  mM  solution  in  EtOH,  rinse  in 
EtOH:  C6SH  on  p-Au  (O);  C6SH,  C12SH,  and  C18SH  on  p-Pt  (•). 
(b)  C18SH  on  p-Pt:  deposition  from  1  mM  solution  in  EtOH, 
overnight  soak  in  CH2CI2  (top);  deposition  from  ImM  solution  in 
CH2CI2  (middle);  deposition  from  1  mM  solution  in  EtOH  on  UVO- 
Pt  substrate,  overnight  soak  in  CH2CI2  (bottom),  (c)  C18SH  and 
C6SH  deposition  on  TS-Pt  in  an  inert-atmosphere  glovebox  from 
1  mM  solutions  in  deoxygenated  EtOH.  Open  and  solid  symbols  = 
data,  thick  lines  =  total  fits,  thin  lines  =  peak  components  and 
backgrounds.  The  residual  for  the  C18SH/p-Pt  fit  is  shown  at  the 
bottom  of  panel  a. 

quantify  various  monolayer  components  (chemisorbed,  phys- 
isorbed,  oxidized).  Figure  la  shows  S  2p  spectra  for  monolayers 
deposited  on  p-Pt  from  1  mM  ethanolic  solutions  of  C6SH, 
C12SH,  and  C18SH  (solid  symbols)  as  well  as  a  reference 
spectrum  for  C6SH  deposited  on  p-Au  (open  symbols,  top  of 
Figure  la).  The  spectra  are  shown  normalized  to  the  intensity 
of  the  respective  substrate  signals  (Pt  4f?/2  or  Au  4f?/2);  the 
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Chem.  B  2001,  105,  4058-4061. 

(24)  Yang,  Y.  W.;  Fan,  L.  J.  Langmuir  2002,  18,  1157-1164. 
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Figure  2.  XPS  S  2p  components  for  alkanethiol  SAMs  deposited 
on  Pt  under  different  conditions.  Intensity  is  normalized  to  the  S  2p 
peak  for  the  C6SH/p-Au  SAM  in  Figure  1. 

C6SFl/p-Au  spectrum  is  also  scaled  by  the  ratio  of  Scofield  factors 
for  Au  4f7/2  and  Pt  4f7/2.36,37 

The  C6SH/p-Au  reference  spectrum  in  Figure  la  is  clearly 
consistent  with  a  single  S  2p  doublet;  the  BE  of  162.0  and  fwhm 
of  0.84  eV16  are  in  excellent  agreement  with  previous  studies  of 
alkylthiolates  on  Au.101718’20-24’38,39  In  contrast,  all  of  the  S  2p 
spectra  for  SAMs  on  Pt  in  Figure  1  a  are  distinctly  multicomponent, 
with  at  least  three  components  required  to  obtain  unstructured 
residuals.40  Hereafter,  these  three  components  will  be  referred 
to  as  SI,  S2,  and  S3  in  order  of  increasing  BE.  The  BE  of  the 
SI  component  is  162.3  eV  for  C6SH  and  C12SH  and  162.4  eV 
for  C18SH.16  The  S2-to-Sl  relative  BE  shift  is  0.85-0.95  eV 
in  unrestricted  fits  and  hereafter  is  fixed  at  0.9  e V  for  consistency. 
The  S3-to-Sl  relative  BE  shifts  are  between  2.4  and  3.1  eV. 

Control  experiments,  results  of  which  are  presented  in  Figure 
lb  and  c,  were  performed  to  explore  the  effect  of  deposition 
conditions  on  initial  SAM  quality  and  corresponding  S  2p 
components.  In  SAMs  on  Au,  the  most  common  assignment  of 
S  2p  components  with  BEs  of  around  163.5  eV  (i.e.,  S2  in  our 
case)  is  to  unbound  thiols  physisorbed  or  trapped  in  the  monolayer. 
Existence  of  a  similar  unbound  component  has  also  been  proposed 
for  SAMs  on  Pd33  and  Pt.5  To  investigate  this  possibility,  we 
carried  out  two  types  of  control  experiments:  deposition  from 
1  mM  ethanolic  solutions  followed  by  an  overnight  soak  in 
CH2CI2  and  deposition  from  1  mM  solutions  in  CH2CI2.  An 
overnight  soak  in  CH2CI2,  a  good  solvent  for  alkanethiols,  is 
expected  to  remove  any  weakly  bound  alkanethiols  left  after  a 
standard  deposition  from  EtOH.  Similarly,  deposition  from 
CH2CI2,  although  potentially  slower,  should  significantly  suppress 
any  weakly  bound  components.  Figure  la  and  b  shows  little,  if 
any,  change  in  the  S2  and  S3  components  following  the  CH2CI2 
treatments.  Only  the  monolayers  grown  in  an  inert  atmosphere 
on  TS-Pt  substrates  were  noticeably  different:  the  S3  component 
was  eliminated  and  S2  significantly  reduced  (Figure  lc).  These 
trends  can  be  more  clearly  seen  in  Figure  2,  which  shows  relative 


(36)  Scofield,  J.  H.  J.  Electron  Spectrosc.  Relat.  Phenom.  1976,  8,  129—137. 

(37)  Normalizing  elemental  XPS  signals  by  the  corresponding  Scofield  factors 
(ref  36)  is  a  standard  way  to  correct  for  element-dependent  photoelectric  cross 
sections,  the  major  factor  that  determines  element- specific  XPS  intensities.  This 
normalization  ignores  any  spatial  distribution  of  the  elements,  but  provides  a 
practical  way  to  compare  elemental  intensities,  as  such  Scofield-adjusted  intensity 
ratios  often  appear  in  quantitative  XPS  analysis  models  (see  Appendix). 

(38)  Vericat,  C.;  Vela,  M.  E.;  Andreasen,  G.;  Salvarezza,  R.  C.;  Vazquez,  L.; 
Martin-Gago,  J.  A.  Langmuir  2001,  17,  4919—4924. 

(39)  Zerulla,  D.;  Chasse,  T.  Langmuir  1999,  15,  5285-5294. 

(40)  The  Tougaard  model  with  parameters  established  for  SAMs/Au  (ref  26) 
predicts  intensities  of  inelastic  backgrounds  to  be  much  lower  than  the  observed 
high-BE  shoulders  of  S  2p  peaks.  The  asymmetric  S  2p  peak  shapes  thus  correspond 
to  multiple  S  2p  components. 
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Figure  3.  RAIRS  spectra  of  C— H  region  for  alkanethiol  SAMs 
prepared  on  Pt  substrates  cleaned  by  two  different  methods. 
Deposition  is  from  1  mM  ethanolic  solutions  followed  by  rinse  in 
EtOH. 

Table  1.  Vibrational  Line  Positions  for  C18SH  Monolayers  on 
Au  and  Pt 


C 1 8SH/p- Au  C18SH/p-Pt  C18SH/UVO-Pt 


peak 

assignment^ 

V 

(cm-1) 

fwhm 

(cm-1) 

V 

(cm-1) 

fwhm 

(cm-1) 

V 

(cm-1) 

fwhm 

(cm-1) 

i's(CH2)  sym  str 

2853 

13 

2850 

ii 

2851 

15 

i's(CH3)  sym  str 

2879 

10 

2878 

8 

2878 

11 

va(CH2)  asy  str 

2918 

12 

2917 

17 

2923 

24 

vs(CH3)  FR  sym  str 

2936 

20 

2937 

12 

2936 

10 

va(CH3)  op  asy  str 

2958 

8 

nab 

nab 

i'a(CH3)  ip  asy  str 

2964 

8 

2965 

10 

2965 

13 

“  The  following  abbreviations  are  used:  str,  stretch;  sym,  symmetric; 
asym,  antisymmetric;  ip,  inplane;  op,  out  of  plane;  FR,  Fermi  resonance 
component.  b  Not  observed. 


intensities  of  the  total  S  2p  signal  and  the  individual  components 
for  C6SH  and  C18SH  monolayers  prepared  using  all  of  the 
methods  shown  in  Figure  1 .  The  relative  intensities  correspond 
to  peak  areas  in  Figure  1  normalized  to  the  area  of  the  S  2p  peak 
for  the  reference  C6SH/p-Au  SAM.  Notably,  both  the  S 1  and 
S2  components  are  essentially  independent  of  deposition  condi¬ 
tions  in  both  absolute  and  relative  terms.  The  corresponding 
monolayer  coverages  are  quantified  in  section  4.2,  and  the  nature 
of  the  S  2p  components  is  further  discussed  in  section  4.4. 

Figure  3  shows  RAIRS  spectra  for  freshly  deposited  C6SH, 
C12SH,  and  C18SH  monolayers  using  Pt  substrates  cleaned  by 
two  different  methods:  p-Pt  and  UVO-Pt.  Table  1  lists  the  peak 
parameters  for  the  C18SH  films.41  The  RAIRS  data  for 
monolayers  on  TS-Pt  substrates  are  presented  in  the  Supporting 
Information  (Figure  SI1,  Table  SI1).  The  RAIRS  peak  assign¬ 
ments  follow  ref  42.  The  spectra  for  SAMs  on  UVO-Pt  exhibit 
wide  and  unresolved  peaks,  indicating  relatively  disordered 


(41)  The  spectra  were  analyzed  by  nonlinear  least-squares  fitting  to  multiple 
Lorentzian  lines,  except  in  the  case  of  the  UVO-Pt  substrate,  in  which  a  Gaussian 
line  shape  was  required. 

(42)  Parikh,  A.  N.;  Allara,  D.  L.  J.  Chem.  Phys.  1992,  96,  927-945. 


Number  of  Alkyl  Chain  Carbons 

Figure  4.  Comparison  of  ellipsometric  thickness  of  alkanethiol 
monolayers  on  variously  cleaned  Pt  substrates.  Linear  fit  to  the  data 
forp-Pt:  fsE  =  (0.12  ±  0.01)-«c  —  (0.14  ±  0.2)  (Pearson’s  r factor 
=  0.978). 

monolayers.  In  fact,  they  are  very  similar  to  those  reported  for 
SAMs  on  platinum  oxide.5  By  contrast,  monolayers  deposited 
from  EtOH  on  p-Pt  have  peak  frequencies  and  widths  similar  to 
those  of  SAMs  on  p-Au  (Table  1)  and  SAMs  on  plasma-cleaned 
Pt.5  The  intensities  of  the  CH2  features,  relative  to  the  CH3  features, 
are  lower  for  our  p-Pt  samples  than  for  p-Au  and  plasma-cleaned 
Pt,5  indicating  orientation  of  the  alkyl  chains  closer  to  the  surface 
normal  (see  section  4.1). 

We  characterized  the  optical  thickness  of  freshly  deposited 
SAMs  by  SE  for  all  three  substrates  (p-Pt,  UVO-Pt,  and  TS-Pt). 
The  optical  constants  of  Pt  films  are  expected  to  vary  with  Pt 
deposition  and  cleaning  conditions;  therefore,  it  is  crucial  to 
develop  a  proper  dielectric  model  for  the  metal  substrate.  The 
SE  data  for  a  series  of  samples,  namely,  a  substrate  freshly  cleaned 
by  the  respective  procedure  and  C6SH,  C12SH,  and  C18SH 
SAMs,  were  simultaneously  fit  to  a  three-phase  optical  model 
consisting  of  a  common  Pt  substrate,  an  organic  layer  of  variable 
thickness,  and  air.  The  index  of  refraction  (n  =  n  +  i k)  of  the 
organic  layer  was  held  at  1 .50,  consistent  with  earlier  treatments 
of  alkanethiol  SAMs  on  Au.43  Optical  thickness,  tsE,  as  a  function 
of  the  number  of  alkyl  chain  carbons,  nc,  is  shown  in  Figure  4. 
The  error  bars  reflect  multiple  measurements  (2  or  3)  for  multiple 
sample  series  (2  or  3).  The  optical  thicknesses  of  the  monolayers 
are  similar  for  all  surface  treatments. 

We  used  water  CA  measurements  as  a  standard  characterization 
method  for  hydrophobic  methyl-terminated  SAMs.  For  as- 
deposited  monolayers  the  sessile  contact  angles  were  91°  (C6SH), 
101°  (C12SH),  and  104°  (C18SH)  on  p-Pt  and  88°  (C6SH),  99° 
(C12SH),  and  101°  (C18SH)  on  UVO-Pt.  Overall,  the  CA  values 
are  about  10°  lower  than  those  reported  for  SAMs  on  Au,  Ag, 
and  Cu.9  Our  values  are  also  about  5°  lower  than  previous  results 
reported  for  SAMs/Pt.5  The  trend  of  increasing  CA  with  alkyl 
chain  length  agrees  with  results  for  SAMs  on  Au,  Ag,  Cu,9  and 
Pt.5  Smaller  CA  values  for  oxidized  UVO-Pt  are  also  in  agreement 
with  previous  results.5 

3.2.  SAM  Stability  in  Air.  The  photoemission  spectra  of  the 
S  2p  region  in  Figure  5  show  the  changes  in  oxidation  and 
coverage  of  SAMs/p-Pt  exposed  to  air.  We  show  the  data  for 
C6SH  for  the  first  few  days  (top  three  curves  in  Figure  5)  because 
these  thinner  monolayers  result  in  lower  XPS  signal  attenuation 
and,  thus,  higher  signal-to-noise  ratios  for  S2  and  S3  components. 
Over  the  long  term,  the  thickest  SAMs  are  typically  the  most 
stable;  thus,  we  show  data  for  C18SH  for  the  bottom  two  curves 
in  Figure  5. 


(43)  Shi,  J.;  Hong,  B.;  Parikh,  A.  N.;  Collins,  R.  W.;  Allara,  D.  L.  Chem.  Phys. 
Lett.  1995,  246,  90-94. 
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Figure  5.  XPS  of  the  S  2p  region  for  S  AMs/p-Pt  exposed  to  ambient 
air.  Exposure  time  and  alkyl  chain  length  as  shown.  Deposition  and 
rinse  in  EtOH.  Bottom  spectrum  (O)  is  for  a  C18SH  SAM  soaked 
overnight  in  CHiCE  before  exposure  to  air.  Open  and  solid  circles 
=  data,  thick  lines  =  total  fits,  thin  lines  =  peak  components  and 
backgrounds. 

For  the  first  5  days,  the  main  change  in  the  S  2p  spectra  is  a 
gradual  shift  of  the  S3  component  to  higher  BE:  the  average  BE 
of  the  S3  component  changes  from  165.0  to  165.5  to  165.8  eV 
(Figure  5).  This  BE  shift  is  consistent  with  partial  oxidation  of 
10— 15%  of  the  sulfur  headgroups.  At  the  same  time,  the  intensities 
of  all  three  components  remain  nearly  constant,  indicating  that 
desorption  or  redistribution  of  molecules  in  the  monolayer  does 
not  occur  for  the  first  5  days.  In  contrast,  after  29  days,  about 
one-half  of  the  original  intensity  of  S 1 —S3  components  has  been 
lost  for  the  C18SH  monolayer,  and  additional  high-BE  com¬ 
ponents  have  appeared. 

The  bottom  spectrum  in  Figure  5  corresponds  to  a  C18SH 
monolayer  deposited  using  the  EtOH/CFECE  procedure.  After 
55  days  in  air,  it  shows  the  greatest  oxidation  of  the  samples  we 
examined.  By  comparison,  in  a  recent  study  of  SAMs  on  Pd,  a 
similarly  severe  degree  of  oxidation  was  observed  for  a 
hexadecanethiol  monolayer  after  only  5  days  in  air  (cf.  Figure 
6c  in  ref  33);  thus,  it  appears  that  monolayers  on  Pt  are  significantly 
more  stable  against  exposure  to  air  than  those  on  Pd. 

Complementary  information  about  the  oxidation  of  SAMs 
under  ambient  conditions  is  provided  by  photoemission  spectra 
of  the  O  Is  and  C  Is  regions  (Figure  6).  For  all  samples,  the 
intensity  in  the  O  Is  region  is  spread  over  about  4  eV.  Given  the 
typical  fwhm  of  about  1.5  eV  for  O  Is  in  organic  materials,  this 
indicates  at  least  three  different  chemical  states  for  oxygen.  The 
broad  Ols  envelope  and  nonstoichiometric  composition  of  surface 
oxides  do  not  allow  us  to  make  corresponding  assignments  of 
the  observed  O  Is  components  with  any  certainty.  The  total 
Ols  intensity  increases  monotonically  with  exposure  to  air,  as 
expected.  The  lowest  Ols  signal  in  the  p-Pt  series  was  observed 
for  an  as-deposited  C18SH  monolayer  (top  spectrum  in  Figure 
6). 44  The  C  Is  spectra  in  all  cases  are  dominated  by  the  main 
peak  (Cl )  with  BE  between  284.5  and  284.9  eV  that  corresponds 


Binding  Energy  (eV) 

Figure  6.  XPS  of  O  Is  and  C  Is  regions  for  S AMs/p-Pt  exposed 
to  air.  Deposition  and  rinse  in  EtOH  (top  to  bottom):  C18SH  SAMs 
exposed  to  air  for  1.5  h  and  29  days  (C  Is  spectra  are  shown  scaled 
by  V2);  C6SH  SAMs  exposed  to  air  for  1.5  h,  47  h,  and  5  days.  Solid 
circles  =  raw  data,  thick  lines  =  total  fits,  thin  lines  =  peak 
components  and  backgrounds. 

to  the  hydrocarbon  chains.  At  least  two  additional  components 
(C2  and  C3)  had  to  be  added  to  the  fits  to  produce  unstructured 
residuals.16-45 

To  quantitatively  compare  the  oxidation  data  from  S  2p  and 
Ols  regions  (Figures  5  and  6),  we  used  Scofield-adjusted  S  2p 
and  O  Is  intensity  ratios  to  the  Pt  4f7/2  substrate  peak,36,37  as 
shown  for  C18SH  monolayers  on  p-Pt  in  Figure  7  (Table  SI2). 
There  is  little  change  in  the  S  2p  components  over  the  first  5  days 
of  exposure  to  air  (Figures  5  and  7).  Between  5  and  29  days  in 
air,  the  intensity  of  the  S3  component  increases,  whereas  the 
total  S  2p  and  the  S 1  intensities  decrease  (Figure  7).  These  trends 
are  consistent  with  increased  oxidation  of  alkylthiolate  S  groups 
and  associated  desorption  of  alkylthiols.  Another  notable  trend 
is  that  the  intensity  of  the  S2  component  does  not  increase  with 
air  exposure;  thus,  unlike  the  S3  component,  the  S2  component 
is  not  associated  with  a  final  product  of  oxidation.  The  stability 
and  oxidation  trends  are  similar  for  all  of  the  alkyl  chain  lengths 
that  we  have  examined  (Table  SI2,  Supporting  Information). 

The  CA,  RAIRS,  and  SE  techniques  are  sensitive  to  the  order¬ 
ing  of  alkyl  chains,  but  only  minor  changes  were  observed  after 
a  few  days  in  air.  The  CA  values  changed  by  <5%  for  the  C6SH 


(44)  The  oxygen-free  deposition  on  TS-Pt  substrates  resulted  in  the  lowest 
overall  Ols  signals  in  our  study.  For  C6SH/TS-Pt,  the  Scofield-adjusted  intensity 
ratios  (same  units  as  in  Table  SI2)  are  227  for  the  C2  and  C3  components,  220 
for  Ols,  and  101  for  S2.  The  total  intensity  of  the  oxidized  C  components  is  equal 
to  the  total  O  signal;  thus,  the  data  are  consistent  with  essentially  no  PtOv  on  the 
surface  while  S2  is  still  present. 

(45)  Each  of  the  alkanethiol  molecules  contains  two  chemically  distinct  carbon 
atoms:  one  bound  to  the  sulfur  headgroup  and  one  in  the  methyl  group.  The 
former  is  likely  to  have  a  BE  higher  than  the  alkyl  carbons  of  the  main  Cl  peak. 
The  C2/C1  intensity  ratios  in  fits  to  our  data  (Figure  6),  however,  are  about 
one-half  of  what  would  be  expected  for  ideal  SAMs  of  respective  thicknesses. 
An  additional  component  of  the  appropriate  intensity  and  BE  shift  of  <  1  eV  can 
be  added  without  sacrificing  the  quality  of  the  fits  to  account  for  the  headgroup- 
bound  carbons.  The  C2  and  C3  components  then  must  be  interpreted  as  due  to 
adventitious  and/or  solvent  molecules.  In  the  literature,  assignment  of  C  Is 
components  with  BE  shifts  of  1.2— 1.6  eV  (C2)  and  2.7— 3.6  eV  (C3)  varies,  e.g., 
refs  6  and  27. 
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Figure  7.  Evolution  of  0  Is  and  S  2p  intensities  for  C18SH 
S  AMs/p-Pt  exposed  to  air.  Component  labels  and  intensities  are  the 
same  as  in  Figures  5  and  6.  Note  that  the  initial  total  O  signal  is  less 
than  the  total  S  signal. 

and  C18SH  monolayers  (EtOH/CH2Cl2  deposition)  after  7  days 
in  air.  In  RAIRS  spectra  taken  after  7  days  in  air,  the  peak  shapes 
and  intensities  remained  essentially  unchanged,  except  for  a  small 
shift  of  Va/CEE)  from  2917  cm-1  to  higher  wavenumbers.  SE 
showed  a  slight  0.1  ±0.1  nm  increase  in  film  thickness  over  the 
first  8  days,  possibly  due  to  adsorption  of  adventitious  hydro¬ 
carbons.  These  results  are  consistent  with  the  retention  of  nearly 
the  full  monolayer,  indicating  that  the  structure  changes  induced 
by  air  exposure  over  the  first  few  days  are  limited  to  the  S— metal 
interface. 

4.  Discussion 

4.1.  Monolayer  Thickness,  Stoichiometry,  and  Molecular 
Orientation.  The  IR-active  CEE  stretch  frequencies  are  sensitive 
to  the  local  intermolecular  interactions  and  thus  serve  as  the 
primary  indicator  of  chain  order.46,47  For  C18SH  on  p-Pt,  the 
observed  va(CH2)  frequency  (2917  cm-1)  is  characteristic  of  an 
ordered,  all-trans  chain  and  is  essentially  the  same  as  those 
reported  in  a  previous  study  of  SAMs  on  plasma-cleaned  Pt,5 
indicating  a  similarly  high  degree  of  crystalline  order.  For  all 
monolayers  on  p-Pt  the  vs(CH2)  and  t'a(CH2)  features  are  strongly 
suppressed  compared  to  the  CEE  features  (Figure  3).  The  transition 
dipole  moments  of  the  CH2  modes  are  perpendicular  to  the  all- 
trans  chain,  whereas  both  the  vs(CEE)  and  va(CEE)  modes  have 
transition  dipole  moment  projections  along  the  chain  axis.  The 
suppressed  intensity  of  the  CH2  stretches  indicates  an  orientation 
almost  perpendicular  to  the  surface  normal. 

To  quantitatively  determine  the  monolayer  orientation,  we 
performed  a  detailed  analysis  of  the  RAIRS  data  for  C18SH  on 
p-Pt  films.42  Determination  of  the  tilt  angle  for  the  presumed 
all-trans  methylene  chain  is  very  sensitive  to  the  preparation  of 
the  bulk  reference  spectrum.48  We  therefore  used  the  C 1 8SH/Au 
spectrum  and  the  known  orientation  of  the  monolayers  on  Au 
as  a  reference.  Assuming  that  the  C 1 8SH/Au  tilt  angle  lies  between 
20°  and  30°,  the  tilt  angle  for  C18SH/p-Pt  lies  between  6°  and 
16°.  This  is  consistent  with  the  qualitative  observation  that  the 
C18SH/p-Pt  spectrum  is  very  similar  to  that  reported  for  C18SH 
on  Ag,  where  the  tilt  angle  was  determined  to  be  12°.9  There  is 
very  little  difference  between  the  intensities  of  the  CH2  peaks 
in  the  RAIRS  spectra  of  C12SH  and  C18SH,  implying  that  the 
tilt  angle  must  decrease  with  chain  length. 


(46)  MacPhail.  R.  A.;  Strauss,  H.  L.;  Snyder,  R.  G.;  Elliger,  C.  A.  J.  Phys. 
Chem.  1984,  88,  334-341. 

(47)  Snyder,  R.  G.;  Strauss,  H.  L.;  Elliger,  C.  A.  J.  Phys.  Chem.  1982,  86, 
5145-5150. 

(48)  Arnold,  R.;  Terfort,  A.;  Woll,  C.  Langmuir  2001,  17,  4980-4989. 


Table  2.  Evolution  of  Monolayer  Thickness  and  Stoichiometry 
with  Exposure  to  Air 

calculated  elemental 


thickness"  attenuation  and  tatio  experimental 


sample 

(nm) 

C*b 

S*c 

C*/S* 

C/S  ratio' 

1.5  h 

C6SH 

0.80 

5.47 

0.81 

6.8 

7.5 

C12SH 

1.60 

9.84 

0.66 

14.9 

16.1 

C18SH 

2.40 

13.3 

0.53 

25.1 

24.8 

47  h 

C6SH 

1.01 

5.35 

0.77 

6.9 

7.7 

C18SH 

2.23 

13.6 

0.56 

24.3 

26 

5  days 

C6SH 

0.78 

5.48 

0.82 

6.7 

7.5 

C12SH 

1.50 

9.96 

0.68 

14.6 

12.5 

C18SH 

2.28 

13.5 

0.55 

24.6 

25.8 

29  days 

C12SH 

1.30 

10.2 

0.71 

14.4 

12.5 

C18SH 

1.97 

14.0 

0.60 

23.4 

21.7 

"  Thickness  fXps  calculated  from  the  attenuation  of  the  Pt  4f  and  4d 
photoelectrons,  EAL(Pt  Aim)  =  4.01  nm  and  EAL(Pt  4ds/2)  = 
3.48  nm.25  Values  calculated  from  Pt  4f  and  4d  attenuation  differed  by 
<3%;  their  average  is  reported.  6  Predicted  carbon  signal  C*  is  calculated 
as  a  sum  of  contributions  from  nc  =  6,  12,  or  18  layers  (as  applicable) 
attenuated  by  the  thickness  of  the  overlaying  layers  (assuming  a  thickness 
of  txps/nc  for  each  carbon  layer),  EAL(C  Is)  =  3.54  nm.25  c  Predicted 
sulfur  signal  S*  calculated  assuming  attenuation  by  the  total  monolayer 
thickness,  EAL(S  2p)  =  3.82  nm.25  ''Experimental  Scofield-adjusted 
C  ls/S  2p  intensity  ratio.36,37 

Quantitative  analysis  of  the  XPS  intensities  provides  insight 
into  both  the  film  thickness  and  the  stoichiometry.  Reported  in 
Table  2  is  the  monolayer  photoelectron  thickness,  txps,  calculated 
from  the  attenuation  of  Pt  4f7/2  and  Pt  4ds/2  substrate  peaks  (see 
Appendix  A 1  ).25  These  photoelectron  thicknesses  for  as-deposited 
monolayers  are  linear  as  a  function  of  the  number  of  carbon 
atoms  nc  [tXps  =  (0. 13-«c)  nm]  and  are  very  close  to  the  extended 
lengths  of  the  respective  molecules  [ t  =  (0. 127*nc)  nm  expected 
for  upright  chains].  The  absolute  values  of  photoelectron 
thicknesses  support  the  nearly  upright  alkyl  chain  orientation 
established  from  the  quantitative  analysis  of  the  RAIRS  data. 
This  is  further  corroborated  by  the  linear  regression  to  the  SE 
data  (Figure  4).  Notably,  our  XPS  and  SE  thickness  measurements 
are  consistent  with  absence  of  an  oxide  layer  on  p-Pt,  as  both 
yield  offsets  close  to  zero,  in  contrast  with  previously  reported 
ellipsometric  results  for  SAMs  on  Pt5  and  Pd.33 

The  stoichiometry  (C/S  ratio)  can  be  estimated  from  the  C  and 
S  signals,  properly  accounting  for  their  respective  attenuation 
due  to  their  position  in  the  film  (see  Appendix  Al).  The  S  signal 
is  attenuated  by  the  full  monolayer  thickness  (S*  in  Table  2). 
The  C  contributions  from  each  atomic  layer  are  added  from  top 
to  bottom  with  increasing  attenuation  (C*  in  Table  2).  These 
predicted  C*/S*  ratios  are  compared  in  Table  2  to  measured  C/S 
ratios;  the  good  agreement  between  the  two  columns  leads  us 
to  two  conclusions.  First,  the  n-alkanethiol  molecules  are  oriented 
with  sulfur  groups  bound  to  the  Pt  surface  and  hydrocarbon  tails 
extended  away  from  the  S/Pt  interface.  Second,  little  or  no  C— S 
bond  scission  occurs  when  alkanethiols  self-assemble  on  Pt 
surfaces.  In  fact,  the  measured  C/S  ratio  remains  above  the 
stoichiometric  value  even  for  monolayers  either  deposited  or 
soaked  in  CH2C12— the  treatments  that  should  at  least  partially 
remove  alkyl  chains  produced  by  such  hypothetical  C— S  bond 
scission. 

4.2.  Coverage.  In  Table  3,  the  intensities  of  the  S  2p 
components  and  the  total  S  coverage  are  quantified  for  S  AMs/Pt 
deposited  under  the  different  conditions  presented  in  Figure  1 . 
The  relative  intensities  in  Table  3  correspond  to  peak  areas  in 
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Table  3.  S  2p  Components  and  Sulfur  Coverage  for  SAMs/Pt 


Petrovykh  et  al. 


total  sulfur  coverage 

sample  S  2p  components”  Au  reference* 


description 

S3 

S2 

SI 

total 

1014  atoms/cm2 

p-Pt,  EtOH 

C 

C6SH 

0.24 

0.42 

1.19 

1.85 

5.9 

C12SH 

0.22 

0.32 

1.17 

1.71 

5.5 

C18SH 

0.19 

0.45 

1.24 

1.88 

6.0 

p-Pt,  EtOH/CH2Cl2'' 

C6SH 

0.13 

0.43 

1.14 

1.70 

5.5 

C18SH 

0.12 

0.43 

1.36 

1.91 

6.1 

p-Pt,  CH2C1 

2e 

C6SH 

0.13 

0.43 

1.14 

1.70 

5.5 

C18SH 

0.13 

0.41 

1.40 

1.94 

6.2 

UVO-Pt,  EtOH/CH2Cl27 

C6SH 

0.15 

0.45 

1.13 

1.73 

5.5 

C12SH 

0.21 

0.42 

1.19 

1.82 

5.8 

C18SH 

0.31 

0.42 

1.09 

1.82 

5.8 

TS-Pt,  EtOH,  AU 

C6SH 

0 

0.23 

1.16 

1.39 

4.5 

C18SH 

0 

0.34 

1.18 

1.52 

4.9 

“  Intensities  of  S  2p  components  correspond  to  those  in  Figure  1  and 
are  reported  relative  to  the  S  2p  peak  for  C6SH/p-Au  sample,  i.e.,  as 
Scofield-adjusted36'37  S  2p/Pt  4f7/2  intensity  ratios  divided  by  0.0455. 
For  most  samples,  intensity  variation  within  a  sample  was  <5%;  a  few 
outliers  showed  up  to  10%  variability.  b  Absolute  coverages  are  calculated 
using  a  clean  Au  absolute  reference  and  an  empirical  sensitivity  factor 
to  account  for  the  difference  between  Pt  and  Au  substrates  (see  Appendix 
A2  and  Supporting  Information  for  details).  c  Deposition  from  1  mM 
solution  in  EtOH,  rinse  in  EtOH.  d  Deposition  from  1  mM  solution  in 
EtOH,  overnight  soak  in  CH2CI2.  e  Deposition  from  1  mM  solution  in 
CH2CI2,  rinse  in  CFECE.  3  Deposition  from  1  mM  solution  in  EtOH, 
overnight  soak  in  CH2CI2,  UVO-Pt  substrate.  s  Deposition  in  inert- 
atmosphere  glovebox  from  1  mM  solution  in  deoxygenated  EtOH.  rinse 
in  EtOH,  TS-Pt  substrate. 

Figure  1  normalized  by  the  S  2p  peak  for  the  C6SH/p-Au  SAM. 
Quantitatively,  these  Scofield-adjusted  S  2p/Pt  4f7/2  intensity 
ratios36’37  are  converted  into  absolute  S  coverages  in  the  following 
way:  For  the  reference  C6SH/p-Au  SAM,  we  have  an  absolute 
calibration  that  gives  a  coverage  of  4.5  x  1014  cm-2  (Appendix 
A2).  We  then  use  an  empirical  sensitivity  factor  established  from 
measurements  of  clean  Au  and  Pt  substrates  to  obtain  absolute 
coverages  from  S  2p/Pt  4f7/2  intensity  ratios  and  the  absolute  Au 
reference.  The  resulting  coverage  values  are  reported  in  Table 
3;  for  details  and  extensive  discussion  of  this  quantification 
approach  see  Appendix  A2  and  the  Supporting  Information.  The 
estimated  experimental  uncertainty  of  the  coverage  values  in 
Table  3  is  about  10%;  potential  sources  of  systematic  uncertainties 
are  difficult  to  quantify,  but  some  are  discussed  in  the  Supporting 
Information.  With  the  exception  of  the  TS-Pt  substrates,  the 
coverage  of  freshly  deposited  films  is  about  5.8  x  1014  cm-2. 
The  high  areal  density  (relative  to  thiols  on  Au)  is  consistent 
with  the  near-normal  chain  orientation.  SE  measurements  do  not 
estimate  monolayer  thickness  and  coverage  independently,  but 
if  the  density  and  index  of  refraction  of  high-density  polyethylene 
(HDPE)  are  used  to  estimate  the  coverage  of  C18SFI/p-Pt,  the 
result  is  (4—5)  x  1014  cm-2.  For  comparison,  previous  radio¬ 
labeling  measurements  showed  15%  higher  coverage  for  SAMs 
on  Pt  vs  Au,  which,  assuming  negligible  roughness,  is 
5.3  x  1014  cm-2  for  SAMs  on  Pt.8  A  recent  scanning  tunneling 
microscopy  (STM)  study  reported  a  high-coverage  phase  for 
alkanethiols  on  Pt(lll)  with  a  (V3  x  y/3)R30°  structure  that 
corresponds  to  a  5.1  x  1014  cm-2  coverage.49  These  literature 
coverage  values  are  thus  somewhere  between  the  XPS-determined 
coverages  for  SAMs  on  p-Pt  and  TS-Pt. 


4.3.  Platinum  Oxide.  As  a  practical  matter,  it  is  important  to 
note  that  submonolayer  amounts  of  platinum  oxides  readily  form 
on  clean  Pt  surfaces:  experiments  in  ultrahigh  vacuum  (UHV) 
show  that  molecular  oxygen  dissociates  and  chemisorbs  on  Pt 
even  at  cryogenic  temperatures.50-53  Therefore,  the  presence  of 
such  surface  platinum  oxides  can  be  assumed  in  most  cases 
(especially  when  exposure  to  ambient  is  involved),  and  the 
interaction  of  thiols  with  these  oxides  will  likely  play  a  role  in 
SAM  formation  and  stability. 

XPS  potentially  has  the  sensitivity  to  detect  a  submonolayer 
of  platinum  oxide  through  examination  of  the  Pt  4f  or  O  Is 
peaks.  Unfortunately,  the  Pt  4f  peaks  produce  a  highly  asymmetric 
inelastic  background,  which  makes  it  difficult  to  reliably  detect 
a  small  platinum  oxide  component  shifted  by  only  about 
0.9  eV.54  For  example,  we  observe  no  consistent  difference 
between  the  shape  of  the  Pt  4f  spectra  for  freshly  sputtered  Pt 
substrates  and  those  oxidized  by  UVO  treatment.  Therefore,  the 
absence  of  platinum  oxide  components  in  the  Pt  4f  region,  that 
the  authors  of  refs  5  and  55  interpret  as  evidence  of  oxide-free 
Pt  surfaces,  in  fact,  only  rules  out  the  presence  of  (several) 
monolayers  but  not  of  a  submonolayer  of  platinum  oxide.  The 
total  Ols  signal  gives  an  upper  limit  to  the  amount  of  platinum 
oxide  as  one-half  that  of  the  S  for  as-deposited  samples  on  p-Pt 
substrates  (Figure  7).  The  association  of  some  of  the  oxygen 
with  oxidized  components  of  C  and  S  prevents  a  more  accurate 
estimate  for  platinum  oxide. 

We  have  evidence  that  UVO  cleaning  oxidizes  Pt.  For  UVO- 
Pt  samples,  the  Ols  signal  was  consistently  about  twice  as  high 
as  that  for  samples  on  p-Pt  or  TS-Pt.  RAIRS  and  SE  indirectly 
corroborate  the  oxidation  of  UVO-Pt  substrates.  The  RAIRS 
data  for  monolayers  on  UVO-Pt  in  Figure  3  show  broader  peaks 
similar  to  those  reported  for  SAMs  on  platinum  oxide.5  The 
substrate  dielectric  constants,  determined  from  the  SE  multisample 
analysis,  were  significantly  different  for  the  UVO-Pt  and  p-Pt 
surfaces  (Figure  SI2,  Supporting  Information).  If  we  assume 
that  the  p-Pt  is  “clean”  and  the  UVO-Pt  has  a  thin  oxide,  then 
the  bare  UVO-Pt  substrate  data  can  be  well  fit  to  a  three-phase 
optical  model  (substrate,  oxide,  air)  with  an  oxide  thickness  of 
0.53  ±  0.03  nm  and  a  constant  h  =  1.76  ±  0.02  +  (0.34  ± 
0.11)i.56’57  The  oxide  film  index  of  refraction  is  very  similar  to 
that  obtained  by  SE  (350—700  nm)  for  the  hydrous  form  of  Pt02 
formed  by  anodic  oxidation  in  H2SO4  (h  ~  1.70  +  0.15i).58 

Can  alkanethiols  reduce  these  oxides  on  p-Pt  and  UVO-Pt? 
A  positive  claim  of  a  complete  reduction  of  thermal  platinum 
oxide  by  alkanethiols  has  been  reported  on  the  basis  of 
electrochemical  measurements.59  However,  alkanethiol  deposition 


(49)  Yang,  Y.-C.;  Yen,  Y.-P.;  Yang,  L.-Y.  O.;  Yau,  S.-L.;  Itaya,  K.  Langmuir 
2004,  20,  10030-10037. 

(50)  Puglia,  C.;  Nilsson,  A.;  Hernnas,  B.;  Karis,  O.;  Bennich,  P.;  Martensson, 
N.  Surf.  Sci.  1995,  342,  119-133. 

(51)  Stipe,  B.  C.;  Rezaei,  M.  A.;  Ho,  W.  J.  Chem.  Phys.  1997,  107,  6443- 
6447. 

(52)  Saliba,  N.;  Tsai,  Y.  L.;  Panja,  C.;  Koel,  B.  E.  Surf.  Sci.  1999, 419, 79-88. 

(53)  Gambardella,  P.;  Sljivancanin,  Z.;  Hammer,  B.;  Blanc,  M.;  Kuhnke,  K.; 
Kern,  K.  Phys.  Rev.  Lett.  2001,  8705. 

(54)  Bancroft,  G.  M.;  Adams,  I.;  Coatsworth,  L.  L.;  Bennewitz,  C.  D.;  Brown, 
J.  D.;  Westwood,  W.  D.  Anal.  Chem.  1975,  47,  586-588. 

(55)  Li,  Z.  Y.;  Beck,  P.;  Ohlberg,  D.  A.  A.;  Stewart,  D.  R.;  Williams,  R.  S. 
Surf.  Sci.  2003,  529,  410-418. 

(56)  Uncertainties  are  one  standard  deviation  averaged  over  five  measurement 
series. 

(57)  The  unique  extraction  of  dielectric  constants  from  ultrathin  (<10  nm) 
films  is  problematic  as  the  film  thickness  and  index  become  correlated.  The 
correlation  coefficient  between  thickness  and  the  real  part  of  the  index  ( n )  was 
~0.93.  However,  the  estimated  parameters  are  considered  unique,  as  the  statistical 
estimate  of  the  fit  uncertainties  on  thickness  and  n,  accounting  for  the  off-diagonal 
elements  of  the  error  matrix,  are  comparable  to  (~50%  smaller  than)  the  reported 
uncertainties  based  on  multiple  data  sets. 

(58)  Gottesfeld,  S.;  Maia,  G.;  Floriano,  J.  B.;  Tremiliosi,  G.;  Ticianelli,  E.  A.; 
Gonzalez,  E.  R.  J.  Electrochem.  Soc.  1991,  138,  3219-3224. 
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Table  4.  M— S  and  M— O  Bond  Strengths  for  fee  Metals 


metal 

Au 

Ag 

Cu 

Ni 

Pt 

M— S° 

418 

217 

276 

344 

234'’ 

M— 0“ 

222 

220 

269 

382 

392 

“  Values  in  kJ/mol  from  Bond  Strengths  in  Diatomic  Molecules.  In 
Handbook  of  Chemistry  and  Physics',  CRC  Press:  Boca  Raton,  FL, 
2003;  pp  9-52—9-64.  These  bond  strengths,  often  known  as  the  bond 
dissociation  energies,  are  defined  as  the  standard  enthalpy  change  of  the 
dissociation  reaction  as  determined  at  298  K.  b  Value  converted  from 
56  kcal/mol  give  in  Table  3  of  ref  60,  which  defines  bond  strength  as 
“the  cohesive  energy  per  metal— sulfur  bond”. 

can  suppress  platinum  oxide  reduction  features  in  voltammograms 
by  either  removing  the  oxide  or  by  adsorbing  on  top  of  the  oxide; 
thus,  a  submonolayer  amount  of  residual  oxide  could  remain 
undetected  electrochemically.  In  general,  the  stability  of  thiolates 
against  oxidation  and  the  ability  of  thiols  to  reduce  metal  oxides 
depend  in  part  on  the  respective  metal— oxygen  (M— O)  and 
metal— sulfur  (M— S)  bond  energies  (Table  4).  Of  the  metals  in 
Table  4,  only  for  Au  is  the  M— S  bond  stronger  than  M— O,  and 
the  bond  strength  hierarchy  is  reversed  for  Pt.  It  is  practically 
impossible  to  prepare  oxide-free  surfaces  of  Ag,  Cu,  or  Ni  in  an 
ambient  environment,  and  thus,  SAM  formation  for  all  three  of 
these  metals  is  affected  by  the  presence  of  such  residual 
oxides. 27,30-32  Overall,  the  comparison  with  other  fee  metals  and 
the  bond  strength  arguments  suggest  that  a  complete  reduction 
of  surface  platinum  oxides  by  alkanethiols  is  unlikely. 

4.4.  Assignment  of  S  2p  Components  in  XPS  Data.  The 
interpretation  of  the  three  S  2p  components  in  the  XPS  data 
(Figures  1  and  5)  is  key  to  understanding  the  structure  of  SAMs 
on  Pt.  Such  assignments  for  SAMs  on  metals  other  than  Au  are 
at  best  tentative  in  the  literature,  and  often  are  in  conflict  with 
each  other.  Here,  we  attempt  to  combine  our  high-resolution 
spectra  of  the  S  2p  region  with  results  previously  obtained  for 
alkanethiol  SAMs  on  a  broad  range  of  metal  substrates  (Au,  Ag, 
Cu,  Ni,  Pd,  and  Pt)  in  order  to  provide  the  most  consistent 
interpretation.  We  first  briefly  discuss  the  S3  component,  and 
then  we  focus  on  the  SI  (162.3  eV  BE)  and  S2  (163.2  eV  BE) 
components. 

S3  Component.  The  assignment  of  the  S3  (BE  about  165  eV) 
and  higher-BE  components  (e.g.,  see  the  bottom  two  spectra  in 
Figure  5)  is  rather  straightforward,  as  they  are  generally  believed 
to  result  from  increasingly  higher  oxidation  states  of  sulfur,  with 
S  2p  doublets  at  165  eV  assigned  as  S4+  and  those  above 
167  eV  as  sulfates.61  Two  trends  in  our  data  support  this 
assignment.  First,  with  exposure  to  air,  the  intensity  of  the  S3 
component  increases  (both  in  absolute  value  and  relative  to  the 
SI),  whereas  the  SI  intensity  decreases  (Figures  5  and  7), 
indicating  that  the  primary  mechanism  of  forming  the  S3 
component  in  the  ambient  is  oxidation  of  the  SI  component. 
Second,  the  S3  component  gradually  shifts  to  higher  BE  with 
exposure  to  air,  e.g.,  the  average  BE  of  the  S3  component  for 
C6SH  monolayers  increases  from  165.0  to  165.8  eV  (Figure  5). 
This  shift  indicates  slow  conversion  of  S  from  thiolates  into 
higher  oxidation  states.  A  related  observation  concerning  all  of 
the  high-BE  S  2p  components  is  that  the  oxidation  of  thiol  groups 
in  SAMs  on  Pt  appears  to  proceed  in  a  multistep  fashion,  i.e., 
through  a  variety  of  states  with  increasing  oxidation,  rather  than 
directly  into  well-defined  sulfates  as  reported  for  Cu.29 

The  initial  amount  of  the  S3  component  in  the  monolayers 
correlates  with  Pt  oxidation.  In  our  study,  the  UVO-Pt  substrates 


(59)  Lang,  P.;  Mekhalif,  Z.;  Rat,  B.;  Gamier,  F.  J.  Electroanal.  Chem.  1998, 
441,  83-93. 

(60)  Toulhoat,  H.;  Raybaud,  P.;  Kasztelan,  S.;  Kresse,  G.;  Hafner,  J.  Catal. 
Today  1999,  50,  629-636. 


are  the  most  oxidized  (section  4.3),  and  the  S3  component  is 
correspondingly  the  highest  for  SAMs  on  UVO-Pt  (Figure  1  and 
Table  3).  This  observation  is  in  agreement  with  the  data  for 
SAMs  on  plasma-oxidized  Pt,  which  showed  considerable 
intensity  above  164  eV  BE.5  Conversely,  for  SAMs  prepared  on 
TS-Pt  under  oxygen-free  conditions,  the  S3  component  is 
undetectable  (Figure  lc).  The  correlation  between  the  S3  and 
surface  oxidation  leads  us  to  conclude  that  the  initial  oxidation 
of  thiols  is  mediated  or  facilitated  by  Pt  surface  oxide. 

51  Component.  This  is  the  predominant  S  2p  component  in 
spectra  for  all  samples  in  our  study  (Figures  1,  5,  and  7;  Table 
3)  with  the  BE  between  162.3  and  162.4  eV.  On  the  basis  of  this 
BE,  we  assign  the  S 1  component  as  alkylthiolates  bound  to  the 
Pt  substrate,  in  agreement  with  the  reported  S  2p  BE  values  for 
alkylthiolates  on  other  fee  metals:  161.9—162.1  eV  on 
Au  9,10,17,18,20-24,28,38,39,62  161  8_162.3eV  on  Ag, 9,23,28,62  1  62.1- 
162.5  eV  on  Cu, 9,29,31  and  161.8  eV  on  Ni.32 

An  alternative  assignment  for  S  2p  components  in  this  BE 
range  was  suggested  in  a  recent  study  of  SAMs  on  Pd:  A 
162.3  eV  BE  component  was  assigned  as  “sulfur  present  in  a 
metal  sulfide  interphase”,  and  a  163.2  eV  BE  component  was 
assigned  as  alkylthiolates.33  Such  an  assignment  required  C— S 
bond  scission,33  a  process  believed  possible  on  catalytic  metals. 
Given  the  striking  similarity  of  the  SAMs/Pd  S  2p  data  to  ours 
and  the  catalytic  nature  of  Pt,  we  carefully  examined  the  possibility 
of  this  alternative  assignment  for  S  AMs/Pt.  We  found  three  pieces 
of  evidence  that  rule  out  such  a  possibility.  First,  the  S 1  component 
falls  within  the  range  observed  for  alkylthiolates  on  fee  metals, 
whereas  the  S2  component  (163.2  eV)  clearly  does  not.63  Second, 
in  all  as-deposited  monolayers  on  Pt,  the  S  2p  doublet  spin- 
orbit  splitting  of  the  S 1  component  is  well-resolved,  and  its  fwhm 
of  0.98  eV  is  only  17%  larger  than  the  0.84  eV  fwhm  measured 
for  the  reference  C6SH/Au  monolayer.16  The  narrow  width  and 
absence  of  systematic  trends  in  residuals  indicate  that  it  is  a 
single  spectral  component,  in  contrast  to  a  combination  of  a  peak 
and  a  low-BE  shoulder  typically  observed  after  C—  S  bond  scission 
on  fee  metals.  Finally,  the  XPS  stoichiometry  data  in  section  4. 1 
indicate  that  there  is  no  loss  of  C  from  as-deposited  or  solvent- 
treated  monolayers  and,  hence,  that  no  C— S  bond  scission  occurs. 
This  stoichiometry  analysis  rules  out  the  putative  mechanism 
required  for  the  alternative  assignment  of  S 1 . 

52  Component.  There  are  several  possible  assignments  for  the 
S2  component  at  163.2  eV  BE.7  Two  interpretations  that  we  rule 
out  are  radiation  (or  electron)  damage19,39,64  and  unbound 
thiols.10,17,18  On  Pt,  the  radiation-damage  interpretation  appears 
unlikely,  given  that  a  recent  study  showed  that  the  S2  component 
did  not  change  after  10  h  of  irradiation  by  a  Mg  Ka  source.7  In 
our  experiments  designed  to  test  the  unbound  thiol  interpreta¬ 
tion,5,7  the  intensity  of  the  S2  component  remained  essentially 
unchanged  (Figure  1  and  Table  3)  after  extensive  rinsing  or 
overnight  soaking  in  CH2CI2,  a  good  solvent  that  should 
significantly  reduce  an  unbound  component.17  Concurring  with 
these  XPS  results,  our  RAIRS  data  also  did  not  show  S— H 
vibrational  modes  expected  for  unbound  thiols. 

For  S2,  the  consistent  0.9  eV  BE  shift,  narrow  fwhm,  and 
insensitivity  to  deposition  conditions  suggest  that  it  corresponds 

(61)  Polcik, M.;  Wilde,  L.;  Haase,  J.;  Brena, B.;  Comelli,  G.;  Paolucci,  G.  Surf. 
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2697-2705. 

(63)  The  BE  reported  in  ref  65  for  S  2p  in  bulk  PtS  is  162.9  eV  is  closer  to 
S2  rather  than  SI.  Only  for  bulk  PtS2  is  the  BE  comparable  at  162.4  eV  (ref  66), 
but  creating  a  stoichiometry  similar  to  PtS2  at  the  surface  would  require  C— S 
bond  scission  for  the  majority  of  alkylthiolates,  i.e.,  such  an  assignment  for  SI 
is  incompatible  with  the  rest  of  the  data. 

(64)  Heister,  K.;  Zharnikov,  M.;  Grunze,  M.;  Johansson,  L.  S.  O.;  Ulman,  A. 
Langmuir  2001,  17,  8—11. 


2586  Langmuir,  Vol.  22,  No.  6,  2006 


Petrovykh  et  al. 


to  a  specific  binding  geometry  rather  than  simply  a  collection 
of  random  surface  sites.  Three  possible  interpretations  are 
suggested  by  the  literature  and  chemical  intuition:  sulfur 
headgroups  bound  to  platinum  oxide,  alternative  surface  binding 
sites,  or  the  presence  of  disulfides. 

Support  for  the  argument  that  the  S2  component  arises  from 
sulfur  functional  groups  bound  to  platinum  oxide  comes  from 
a  systematic  study  of  SAMs  on  an  oxidized  Au  surface,21  which 
showed  two  S  2p  components  with  BEs  of  162.1  and  163.3  eV. 
The  intensity  of  the  163.3  eV  component  was  correlated  with 
oxygen  exposure  for  monolayers  prepared  in  UHV,  and  it  did 
not  change  after  4  h  of  irradiation  by  a  Mg  Ka  source.  Alkanethiols 
adsorb  on  gold  oxide  with  higher  density  and  lower  tilt  angle 
than  on  clean  Au21— properties  that  closely  parallel  the  results 
for  SAMs  on  Pt.  Additional  evidence  that  the  S2  component  is 
related  to  platinum  oxide  is  presented  in  ref  5.  The  S  2p  spectrum 
is  noticeably  shifted  for  a  C18SH  monolayer  on  platinum  oxide 
compared  to  that  on  clean  Pt.  Although  individual  S  2p 
components  are  not  resolved  in  the  spectrum  shown  in  ref  5,  the 
overall  shift  of  the  S  2p  envelope  appears  to  be  at  least 
0.7— 0.8  eV  to  higher  BE,  i.e.,  very  close  to  the  0.9  eV  shift  of 
S2.  The  data  in  ref  5  confirm  that  alkanethiols  can  adsorb  on 
platinum  oxide  and  that  the  BE  for  a  large  fraction  of  such 
monolayers  is  consistent  with  S2.  A  possible  binding  geometry 
is  to  a  Pt  atom  that  has  an  O  nearest  neighbor  and  thus  shares 
a  smaller  fraction  of  its  electron  density  with  the  S  compared  to 
a  regular  Pt  surface  atom.59  BE  shifts  reported  for  platinum  oxide 
and  bulk  platinum  sulfides  are  consistent  with  this  binding 
geometry.54-65'66  The  only  significant  inconsistency  of  this 
interpretation  is  that,  whereas  the  oxygen-free  deposition  on  TS- 
Pt  reduced44  S2  and  deposition  on  heavily  oxidized  Pt  produced 
primarily  S2,5  deposition  on  slightly  oxidized  UVO-Pt  did  not 
affect  S2.  In  other  words,  the  positive  correlation  between  S2 
and  the  amount  of  surface  oxide  (such  as  observed  for  monolayers 
on  oxidized  Au21)  is  not  strictly  followed  for  monolayers  on  Pt. 
There  is  also  no  positive  correlation  between  S2  and  postdepo¬ 
sition  oxidation  in  air  (Figures  5  and  7). 

The  alternative  binding  site  interpretation,  i.e.,  the  binding  of 
sulfur  to  a  Pt  surface  site  different  from  that  giving  rise  to  the 
S 1  component,  has  limited  support  from  the  available  data  for 
other  fee  metals.  On  Au,  no  significant  BE  differences  have  been 
observed  between  Au(lll)  single  crystals  and  various  poly¬ 
crystalline  Au  surfaces  (including  oxidized  ones);  however, 
oxidation  dependence  on  the  structure  of  polycrystalline  Au  films 
has  been  reported.21’22’67  Whereas  multiple  binding  sites  and 
incommensurate  monolayers  have  been  reported  on  other  fee 
metals,68-71  the  typical  S  2p  BE  differences  are  rather  small— the 
largest  reported  value  we  found  was  ~1  eV  difference  for  S 
chemisorbed  at  different  binding  sites  on  Ni(  1 1 1 )  vs  Ni(00 1  ).72-73 
Therefore,  S2  assignment  to  alternative  binding  sites  would 
require  that,  on  polycrystalline  Pt,  the  energy  difference  between 
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the  sites  be  particularly  high,  in  disagreement  with  existing  data 
for  methanethiol  on  Pt(lll).74  The  strongest  support  for  the 
alternative  binding  site  interpretation  in  our  data  comes  from  the 
results  for  monolayers  on  TS-Pt,  the  only  case  where  S2  was 
significantly  reduced.  TS-Pt  is  considerably  smoother  than 
polycrystalline  Pt  and  thus  potentially  has  fewer  alternative 
binding  sites. 

The  third  potential  interpretation  for  S2  is  the  formation  of 
disulfide  moieties  when  alkanethiols  self-assemble  on  Pt.  If 
disulfides  exist  on  the  Pt  surface,  it  is  possible  that  S— Pt  bonding 
occurs  through  only  one  of  the  S  atoms  (SI),  while  the  second 
S  atom  (S2)  remains  unattached  to  the  surface.  The  major 
advantage  of  this  interpretation  is  that  the  relative  fraction  of 
molecules  adsorbed  in  disulfide  form  might  depend  on  both 
surface  oxidation  and  roughness.  Disulfides  might,  in  fact,  form 
as  a  result  of  reducing  surface  oxides.  One  discrepancy  in  this 
model  is  the  clearly  missing  SI  component  in  the  data  for 
monolayers  on  platinum  oxide,5  where  an  enhancement  of  the 
disulfide  formation  (and  attachment)  can  be  expected.  Considering 
the  disulfide  interpretation  of  S2  underscores  the  inherent 
difficulty  of  definitively  assigning  such  features— the  debate  about 
the  adsorption  of  disulfides  on  gold  surfaces  has  been  going  on 
for  decades.  Experimentally,  it  is  extremely  difficult  to  unam¬ 
biguously  determine  the  structure  of  surface  species  present  at 
submonolayer  coverages. 

One  might  expect  that  studies  on  single-crystal  surfaces  could 
provide  more  definitive  structural  information.  However,  recent 
limited  studies  of  alkanethiol  adsorption  on  clean  single-crystal 
Pt(lll)  surfaces  in  UHV  suggest  the  absence  of  long-range 
ordering  and  a  much  more  complicated  adsorption  process  than 
for  prototypical  SAMs  on  Au  or  Ag.75-76  Similarly,  a  recent  STM 
study  provided  evidence  of  local  (^3  x  y/3)R30°  ordering  for 
alkanethiols  on  single-crystal  Pt(l  1 1),  but  also  reported  difficulties 
with  imaging  any  long-range  ordering.49  The  presence  of  a 
disordered  component  such  as  S2  could  naturally  account  for 
these  observations. 

5.  Conclusions 

We  studied  the  formation  of  alkanethiol  SAMs  on  Pt  surfaces 
as  a  function  of  substrate  cleaning,  solvents  used  for  deposition 
and  post-treatment,  and  alkyl  chain  length.  We  also  examined 
the  long-term  stability  of  such  SAMs  in  air  and  the  corresponding 
evolution  of  the  monolayer  structure  with  exposure  to  air.  We 
find  that  a  standard  deposition  using  p-Pt  substrates  and  1  mM 
ethanolic  solutions  of  alkanethiols  for  20  h  produced  monolayers 
of  equal  or  better  initial  quality  compared  with  other  reported 
methods.  As-deposited  SAMs  on  Pt  are  dense  and  have  a  nearly 
upright  chain  orientation.  There  is  no  evidence  for  either  weakly 
adhering  species  or  C— S  bond  scission.  These  SAMs  are  stable 
against  short-term  (about  a  week)  exposure  to  ambient  air  but 
oxidize  and  degrade  significantly  after  about  a  month. 

XPS  spectra  of  the  S  2p  region  indicate  that  these  monolayers 
consist  of  at  least  three  components.  The  major  component,  SI, 
is  assigned  to  alkylthiolates  typical  for  SAMs  on  other  metals. 
A  minor  component,  S3,  is  associated  with  thiols  in  intermediate 
oxidation  states.  The  remaining  component,  S2,  corresponds  to 
approximately  one-third  of  the  S  layer.  Only  control  experiments 
on  TS-Pt  substrates  under  oxygen-free  conditions  eliminated  S3 
and  reduced  S2;  these  two  minor  components  were  largely 
unaffected  by  other  changes  in  deposition  conditions.  We  cannot 
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unambiguously  assign  the  S2  component;  however,  we  propose 
that  it  could  be  related  to  platinum  oxide,  alternative  binding 
sites,  or  the  presence  of  disulfide  groups. 

Whether  SAMs  on  Pt  are  inherently  multicomponent  remains 
an  open  question  that  clearly  requires  further  study  on  both  single¬ 
crystal  and  practical  thin-film  substrates.  The  inclusion  of  XPS 
characterization  will  be  crucial  for  any  future  studies  of 
SAMs/Pt,  as  to  date,  it  has  been  the  only  technique  to  directly 
detect  the  multicomponent  S  chemistry  at  the  interface.  The 
multicomponent  nature  of  alkanethiol  SAMs  on  Pt  should  also 
be  carefully  considered  in  the  interpretation  of  molecular 
electronic  behavior  of  these  systems. 
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Appendix  Al.  Quantification  of  Monolayer  Thickness 
and  Stoichiometry 

In  the  standard  XPS  formalism,  photoelectrons  are  assumed 
to  be  exponentially  attenuated  by  an  overlayer.  For  SAMs,  the 
validity  of  this  approximation  has  been  established  in  a  previous 
study,  which  also  reported  the  corresponding  energy  dependence 
of  electron  attenuation  length  (EAL),25  which  we  used  in 
calculations  for  Table  2.  The  uncertainty  in  the  SAM  density 
does  not  affect  these  EALs;  varying  the  density  by  a  factor  of 
2  above  and  below  0.96  g/cm3  (HDPE)  resulted  in  <5%  changes 
in  the  EALs.77 

To  determine  the  monolayer  thickness  in  this  approach,  the 
intensities  of  Pt  4f  and  4d  peaks  are  measured  for  a  SAM  and 
for  a  freshly  sputtered  clean  Pt  surface.  Using  the  exponential 
attenuation  model  and  EAL  values  discussed  above,  for  each 
monolayer,  the  Pt  4f  and  4d  intensity  attenuation  is  converted 
into  a  thickness. 

Predicting  elemental  ratios  measured  by  XPS  involves  separate 
calculations  for  S  and  C  signals.  In  the  ideal  SAM  structure,  the 
S  signal  is  attenuated  by  the  full  thickness  of  the  monolayer  (S* 
in  Table  2).  For  C,  in  the  ideal  structure,  atomic  layers 
corresponding  to  the  alkyl  chains  are  uniformly  spaced  within 
the  total  monolayer  thickness.  The  contributions  from  each  atomic 
layer  of  C  are  added  from  top  to  bottom  with  increasing  attenuation 
(C*  in  Table  2).  For  example,  for  an  ideal  C18SH  monolayer 
of  2.4  nm  thickness,  the  intensity  of  the  S  signal  coming  through 
the  monolayer  is  attenuated  to  S*  =  0.53  of  its  original  strength. 
For  C,  the  attenuated  intensity  from  all  18  layers  adds  up  to 
C*  =  13.3,  and  the  calculated  ratio  is  C*/S*  =  25.1. 

Appendix  A2.  Quantification  of  Sulfur  Coverage 

In  a  well-formed  SAM,  a  single  layer  of  sulfur  atoms  is  located 
at  the  S— metal  interface.  Au  4f,  Pt  4f,  and  S  2p  photoelectrons 
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are  nearly  identically  attenuated  by  the  hydrocarbon  overlayer, 
because  the  difference  in  kinetic  energies  is  <6%.  A  simple  ratio 
of  S/metal  XPS  intensities  is  then  essentially  independent  of  the 
detailed  overlayer  structure.  By  normalizing  to  the  intensity  of 
the  substrate  XPS  peak,  such  as  that  shown  in  Figure  1,  we  can 
directly  compare  the  S  2p  spectra  for  different  monolayers  and 
obtain  absolute  sulfur  coverages,  ns,  as 


(1) 


The  first  term  in  eq  1  contains  the  experimental  /s//m  intensity 
ratio  adjusted  by  the  ratio  of  respective  Scofield  coefficients  cr,36 
which  allows  direct  comparison  of  SAMs  on  different  metals  M 
(Pt  and  Au  in  our  case)  and  thus  is  used  to  report  relative  elemental 
intensities  in  Figures  1,  2,  and  5—7  and  Tables  2  and  3.  In  a 
standard  empirical  approach,  the  second  term  can  be  considered 
as  a  conversion  coefficient  between  the  Scofield  cross  sections36 
and  empirical  sensitivity  factors.  Equation  1,  however,  is  written 
in  the  form  suggested  by  ref  78,  where  T  is  the  analyzer 
transmission  function.  Am  is  the  bulk  atomic  density  of  the  metal 
substrate,  and  is  the  electron  attenuation  length  for  quanti¬ 
tative  analysis  (QEAL). 77-79 

The  system  for  which  we  can  quantitatively  validate  eq  1  is 
the  reference  C6SH/p-Au  in  Figure  la.  The  parameters  are 
Tau/Ts  =  2845/2931,  AAu  =  5.892  x  1022  cm-3,  and 
^Au  =  1-745  nm,  which  gives  the  second  term  in  eq  1  as 
9.98  x  1015  cm-2.  The  value  of  L^u  is  calculated  using  NIST 
SRD-82  software,77-79  which  implements  the  TPP-2M  formula 
for  calculating  electron  inelastic  mean  free  paths  (IMFPs)  and 
related  parameters  such  as  EALs.78-80-83  For  the  C6SH/p-Au 
spectrum  in  Figure  la,  the  Scofield-adjusted  S/Au  intensity  ratio 
is  0.0455,  and  the  S  coverage  is  4.5  x  1014  cm-2.  It  is  significant 
that  both  the  intensity  ratio  and  the  calculated  absolute  sulfur 
coverage  are  in  excellent  agreement  with  the  values  reported  for 
an  alkanethiol  SAM/Au  in  ref  22  and,  of  course,  with 
4.6  x  1014  cm-2  coverage  expected  for  a  complete  alkanethiol 
SAM/Au.8 

In  the  absence  of  a  similarly  well-defined  absolute  reference 
for  SAMs/Pt,  we  use  eq  1  for  S/Pt  intensity  ratios  corrected  by 
an  empirical  sensitivity  factor  to  account  for  differences  between 
Au  and  Pt  substrates.  These  absolute  S  coverage  values  are  listed 
in  Table  3,  and  the  “Au  reference”  label  indicates  that  the  Au 
data  were  used  as  an  absolute  coverage  reference.  The  details 
are  described  in  the  Supporting  Information. 

Supporting  Information  Available:  RAIRS  data  for 
SAMs/TS-Pt.  Oxidation  of  SAMs/Pt  exposed  to  air.  p-Pt  and  UVO-Pt 
substrate  refractive  index.  Sulfur  coverage  quantification  and  EALs  for 
Pt  substrates.  This  material  is  available  free  of  charge  via  the  Internet 
at  http://pubs.acs.org. 
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